Minifascicular neuropathy (MN) is an extremely rare developmental malformation in which peripheral nerves are composed of many small fascicles. Only one patient with MN with 46XY gonadal dysgenesis (GD) was found to carry a mutation affecting the start codon in desert hedgehog (DHH). We identified an identical novel rearrangement mutation of DHH in two consanguineous families with MN, confirming mutations in DHH cause MN with 46XY GD. The patients with the 46XY karyotype developed GD, whereas a patient with the 46XX karyotype did not. These findings further support that DHH has important roles in perineural formation and male gonadal differentiation.
Introduction
Minifascicular neuropathy (MN) is an extremely rare developmental malformation of peripheral nerves and is characterized by the presence of many small fascicles with glove and stocking-type sensory impairment.
1 Two unrelated Japanese patients with 46XY gonadal dysgenesis (GD) have been reported. 2 MN was also reported in an Italian patient, who had the 46XX karyotype and whose gynecological ultrasound examinations showed normal findings. 3 On the basis of the finding that DHH knockout mice show MN, Umehara et al. performed mutational analysis of DHH and found a homozygous mutation involving the translation initiation codon in the first Japanese family found to be affected by MN. 4 However, no DHH mutations were detected in the second Japanese family reported by Sugie et al. 2 or in the Italian family, and genes and mutations responsible for MN have remained to be elucidated. We have recently identified Japanese MN patients with or without GD born to consanguineous parents. Employing linkage analysis and detailed mutational analyses, we identified a novel rearrangement mutation in DHH. We further confirmed the same mutation in the second Japanese family. This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
findings provide further evidence that DHH is the gene responsible for MN in humans.
Subjects and Methods
Written informed consent was obtained from all the participants. The present study was approved by the institutional review board of the University of Tokyo. Genomic DNA was prepared from peripheral blood leukocytes of the participants in accordance with the standard procedure.
Subjects

MN-1 family
Two patients with MN born to consanguineous parents were investigated in the study (Fig. 1A) . The 55-year-old patient (patient 1) was born by normal delivery and raised as a female. She started to suffer from muscle cramps on exercise since childhood. Gynecological examination for amenorrhea revealed the absence of ovaries and uterus at the age of 16, when chromosomal analysis showed 46XY. At the age of 43, (Table S1 ). The left sural nerve was biopsied. Light microscopy examination revealed numerous nerve fascicles, ranging in diameter from 20 to 200 lm subdivided into several minifascicles with connective tissue. The density of myelinated fibers was markedly reduced in each fascicle ( Fig. 1B and C). Her elder sister (patient 2) also complained of muscle cramps on exercise since childhood. She showed pigmentation of the nails and hyperkeratosis of the sole skin, and she had some of her toes amputated. Nerve conduction studies showed sensory motor dysmyelinating polyneuropathy (Table S1 ). Although she did not have a child, her menstrual cycle was regular until the menopause and her karyotype was 46XX (Table 1) .
MN-2 family
The clinical presentations of patient 3 (Fig. S1) were described previously. 2 Briefly, she noticed distal numbness and weakness in the four extremities at the age of 39, which gradually progressed. At the age of 47, a nerve conduction study revealed sensory dominant neuropathy. Sural nerve biopsy revealed minifascicle formation. She had amenorrhea and gynecological examinations revealed normal female external genitalia and a blind-ended vagina. Chromosomal analysis revealed 46XY. Direct nucleotide sequence analysis revealed no point mutations in the sex-determining region Y gene (SRY) and DHH.
4
Whole exome sequence analysis Exonic sequences were enriched using a SureSelect Human All Exon V4+UTRs kit (Agilent Technology, Santa Clara, CA, USA), followed by massively parallel sequence analysis (2 9 100 bp paired end reads) using Hiseq 2000 (Illumina, San Diego, CA, USA). The sequences were aligned against the reference genome (hg19) using Burrows-Wheeler Aligner (BWA), and SAMtools 5, 6 was used for extracting single-nucleotide variants (SNVs) and small insertions and deletions (indels) with default parameter settings.
Linkage analysis and haplotype analysis
Three affected family members of the two families (MN-1 and MN-2) were genotyped using Genome-wide Human SNP array 6.0 (Affymetrix, Santa Clara, CA) 7 following the manufacturer's instructions. The genotype of each family member was determined using Genotyping 
Long-range PCR analysis of DHH
We amplified the entire DHH region by long-range PCR using the primer set: F1 (5 0 -GCAGCTTCCAACTGAGA AGTCA-3 0 ) and R1 (5 0 -GCTGATATGCCCTTGTTTAG GG-3 0 ). To search for the breakpoint junctions, we performed genomic PCR using the primer set: F2 (5 0 -CT ACCATCGACTCAGATTCT-3 0 ) and R2 (5 0 -GCTCCCCTC CCTCCGCCTGA-3 0 ) (Fig. 2C) , followed by direct nucleotide sequence analysis using a Big Dye Terminator version 3.1 and an ABI 3130xl genetic analyzer (Applied Biosystems, Carlsbad, CA).
RT-PCR analysis of DHH mRNA expression in sural nerves
Total RNAs were extracted from the sural nerves of patient 1 and a control individual using TRIzol reagent (Invitrogen, Carlsbad, CA). cDNA synthesis was performed using the ReverTra Ace-a-TM (Toyobo, Osaka, Japan) with an oligo dT primer. RT-PCR was performed using DHH-specific primer sets: f1 (5 0 -TCGTGCCGCTAC TCTACAAG-3 0 ), r1 (5 0 -GCCGCCAAAACCCAGTCTC-3 0 ), f2 (5 0 -TCGTGCCCAACTACAACCC-3 0 ), and r2 (5 0 -TTCA CCCGCTCCTTACAACG-3 0 ) (Fig. 2E) . As an internal control, we performed RT-PCR of ACTB using the primer set: (5 0 -AGCGAGCATCCCCCAAAGTT-3 0 ) and (5 0 -GGGCAC-GAAGGCTCATCATT-3 0 ).
Results
Mutation discovery
Multipoint parametric linkage analysis of the MN-1 family with the assumption of autosomal recessive inheritance revealed five regions in four chromosomes with the highest multipoint LOD score of 2.1. Notably, the candidate regions overlapped with the locus of DHH on chromosome 12 (Fig. 1D) . In whole exome sequencing analyses, no single-nucleotide variants or small insertion-deletions were determined by SAMtools in the region of DHH. We next tried to amplify the entire DHH region employing a long-range PCR method using the primers F1 and R1.
The PCR products obtained from patients 1 and 2 were larger than those from a control ( Fig. 2A) , raising the possibility of a rearrangement such as insertion and/or multiplication. Direct nucleotide sequence analysis of the PCR products revealed that a 761-bp genomic segment was tandemly duplicated with the 5 0 end located in intron 1 (chr12:49,485,744 in hg19) and the 3 0 end in exon 2 (chr12:49,484,984) (Figs. 2B and C) . We also conducted a mutational analysis of DHH of the patient 3 in MN-2 family employing the same strategy. The same mutation was found in the patient (Figs. 2A and B) .
To investigate whether mutant DHH mRNA is expressed in sural nerves, we extracted total RNAs from the sural nerves of patient 1 and a control individual. RT-PCR analysis revealed that DHH mRNA was not expressed in the patient's sural nerve (Fig. 2D) .
Haplotype analysis of the two families revealed that three individuals shared a substantially large region of 4.34 Mb in their disease-associated haplotypes with the centromeric and telomeric boundaries defined by rs10735810 and rs11170044, respectively (Fig. S2) . The result suggested the existence of a common founder.
Discussion
We identified a novel rearrangement mutation as the cause of MN with 46XY GD in two Japanese families. The duplication spans 761 bp and one end of the breakpoints includes exon 2. Given the structure of the duplication and the absence of DHH mRNA expression in the sural nerve in patient 1 assessed by RT-PCR analysis, we suppose that the mutation would result in the loss of function of DHH.
DHH located on 12q12-q13.1 comprises three exons, encoding a polypeptide of 396 amino acids. 10 DHH is a member of the hedgehog gene family which also includes sonic hedgehog and Indian hedgehog.
11 Paramantier et al. 12 found that the peripheral nerves of dhh null mutant mice showed minifascicular formation. Analysis of null mutant mice demonstrated that dhh signaling plays an essential role in the regulation of mammalian spermatogenesis. 13 Because mammalian hedgehog genes share a striking homology to the Drosophila segment polarity hedgehog gene, these findings suggest that DHH plays crucial roles in both peripheral nerve sheath development and spermatogenetic regulation in humans.
Umehara et al. 4 discovered a homozygous mutation involving the start codon, which presumably leads to the failure of the transcription of DHH, in an MN patient with 46XY GD. In this study, we revealed that the patients in MN-1 and MN-2 had an identical rearrangement mutation in DHH. This finding further confirms that mutations in DHH cause MN.
The rearrangement mutation of our subjects results in the absence of DHH expression. To date, seven DHH mutations have been reported. [14] [15] [16] Three of the seven mutations, including the mutation found in the study, cause 46XY GD with neuropathy, whereas some mutations did not cause neuropathy. (Table S2) . Although nerve conduction studies, nerve biopsy, and/or functional study of the mutations were performed in a limited number of patients, mutations presumably leading to complete loss of function of DHH (c.304-572dup, c.2T>C, c.485T>C, 17 and c.57-60dupAGCC) does not always cause both neuropathy and GD. It is still uncertain whether there is a phenotype correlation with complete loss versus partial loss of function of DHH gene. In the RT-PCR analyses of DHH using primers located on exons 1 and 3 (f1 and r1 in Fig 2E) and primers located on exons 1 and 2 (f2 and r2 in Fig 2E) , the PCR products (565 bp and 94 bp bands) were revealed only in a control subject, confirming the absence of DHH mRNA expression in the sural nerve of the patient 1. RT-PCR of ACTB revealed bands corresponding to 285 bp in both the patient 1 and a control subject. M, size standard marker (FlashGel DNA marker); C, normal control; P1, patient 1; ACTB, actin beta. (E) A schematic presentation of normal DHH mRNA along with primers used in the RT-PCR analysis.
One of our patients (patient 2) in MN-1 and the patient reported by Malandrini et al. 4 , both of whom karyotype was 46XX, showed MN and normal sex characteristics. We suggest that DHH may be involved in different manners in peripheral nerve development or gonadal genesis.
To detect medium-sized structural variants (100-1000 bp) as found in the study is still a challenge. Indeed, the rearrangement mutation which we detected was not revealed by standard whole exome sequencing. The finding in this study indicates that we should always give attention to structural variants, even if standard exome sequencing did not reveal mutations. The causative mutations of a patient with minifascicular neuropathy 3 and a patient showing 46XY GD and neuropathy without minifascicular formation 18 have not been identified. There may be clinical and genetic heterogeneity of this rare clinical entity, but our finding suggests that mutations that may have been overlooked by Sanger sequencing or standard exome sequencing should be assessed in these patients.
In conclusion, we identified a novel mutation in human DHH. The patients with the 46XY karyotype exhibited MN with 46XY GD, whereas the patient with the 46XX karyotype showed MN, but apparently normal sexual development. These findings further confirm that DHH is an important gene in both perineural formation in peripheral nerves and male gonadal differentiation. 
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